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I“-”- I ac t ions  were calculated f2-m a;2 acc-ua te  znd sens i t ive  

fluoro=letric analysis of magnesium act5 the pLysicai values 

were compared wit’n ?;h~se prevloirsly 2u3lisked. 

of green p i g x n t s  er,d o ~ k e r  iiegrzdaxion pro$;c;s were pro - 
&xed. . .  Tne physical data ob-caiced I”rorr, t n e  foa green 

pigments were qdi-ie s i m i l a r .  ‘T5e possyole seq-ience of 

production or” L m s e  oxicized p r o L ~ c t s  i s  Zescr5ed .  r”ne 

r?ec‘r,a-risn? or’ oxidatioc zzii The chexical s t ~ x ~ z e s  of the 

individual prodacts are  n o t  kno-~n. 
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collector was co-aecteii -LO a v a c u ~  l l c e  to exert a g e n t l e  
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ether solutions (see Fig. 1) were successively added to 

elute  the bacteriochlorophyll camponents. 

discrete fractions were clearly visible, having different 

rates of migration, elutions could be conveniently reguhted 

t o  optimize rapid but effective resolution by pinch cock 

control of the vacuum line.  The fractionation was generally 

completed within i hr, but unresolved eluates should be con- 

centrated and rechromatographed on smaller columns. 

enoid fractions were first eluted and discarded. O f  three 

successive fractions separated, the pinkish-violet fraction 

(F-1) was pheaphytin, the blue fraction (F-2) was bacterio- 

chlorophyll, and the gray-blue fraction (F-3) appeared t o  

be an oxidized component of F-2 (Fig. 4) 

was vacuum-dried and aissolved i n  ether or  other solvents 

fo r  further analysis. 

Since a l l  the 

Carot - 

Each fraction 

Thin-layer chromatography 

For analytical  and preparational runs of thin-layer 

chromatography, th in  layers of 0.25 mm thick and 0.50 to 

0.75 mm thick were used, respectively. 

of various thin-layer materials i n  many solvent systems, 

two  different thin-layer chromatographic methods were 

After examination 
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found t o  be most effective both for  analysis and preparation 

of the bacteriochlorophyll and i ts  degradation products. 

The powdered Gas Chrom P plates with the solvent, acetone- 

petroleum ether i n  a 5/95 volume ratio,  separated the 

* bacterial  pigments extracted i n  methanol i n  the following 

order of proximity t o  the spot origin: F-3, F-2, green 

fractions (when oxidized), F-1, and carotenoids. 
. 

The 

Kieselguhr G plate  coated with 7% t r i o l e in  in  petroleum 

ether, on the other hand, completely reversed the order 

of sqa ra t ion  obtained by former methods i n  the solvent 

of methanol-acetone-water i n  a 20/4/3 volume rat io .  The 

coating of t r io le in  is essential for  the separation, but 

t o  be more effective, spotting the sample should be done 

on the uncoated area of the l.5-in. margin of the thin- 

layer plate.  

The above two -thin-layer chramatographic methods could 

alternatively be used for further purification and confirma- 

. t ion  of the identity of the fractions. Several such fractions 

isolated and desci.i'ued l;clc.i: :?ere mn through these two chro- 

matographic systems. Occasionally, polyvinyl and sugar plates, 

using solvents of 70 t o  8O$ acetone i n  water f o r  the former 

and 1 t o  5 s  acetone i n  petroleum ether fo r  the l a t t e r ,  were 

also applied for  certain fractions. 

.. 
4 
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The Kieselguhr plate  was bet ter  than the G a s  Chrom P 

plate  i n  tha t  it gave more discrete separation of fractions, 

especially the greenish oxidized components, G-1, G-2, G-3, 

and G-4. 

Figure 2 shows a summary of ccarrplete fractionation of - 
bacteriochlorophyll and its degraded components on thin- 

layer plates o f  Kieselguhr G impregnated with t r iolein.  

The chramatograph w a s  run i n  a dark chamber a t  roFm tem-  

perature fo r  45 t o  60 minutes. The fresh methanol extract 

1 

i - 
i 

I 

shows 3 pinkish, narrow bands near the o r i g h  and a large 

blue band in  the p la te  center. 

pink bands on the margin of t r io le in  are carotenoids, the 

The two slowest moving 

th i rd  pinkish violet  band is  pheophytin (F-1) , and the blue 

band i s  bacteriochlorophyll (F-2) 

When the methanol extract was exposed t o  the dim light 

f o r  some time or aged i n  a dark refrigerator fo r  several 

days, a l igh t  green fraction (G-2) right behind F-2, a gray- 

blue fraction (F-3) aheatl of F-2, and a fast migrating gray- 

s e e n  fraction (GG) appeared -~ i n  addition t o  the components 

found from the fresh methanol extract. If the same methanol 

extract  was vigorously aerated i n  the dark fo r  30 min. or addition 

of periodate, another green fraction (G-1) appeared right behind G-2. 
4 
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Exposure t o  bright incandescent l igh t  (100 W x 2 min. a t  

. 10-cm distance) i n  the air or  addition of potassium per- 

manganate or  iodine (4 unole per mole  of bacteriochlorophyll) 

gave nearly similar patterns of degradation as the aerated 

sample which, i n  addition, contained F-3 component. Longer 

l i gh t  treatment of the methanol extract  i n  air (100 W x 10 min. 

or  longer) caus;?.d a complete degradation of F-2 and the pro- 

duction of two additional green bands (G-3, G-4)  which travel 

faster than G-2. When ascorbic acid (100 umole per mole  of 

bacteriochlorophyll) was added t o  the extract, no green bands, 

nor F-3 band, appeared even after the l igh t  treatment 

(100 W x 2 min.), but the GG fraction did appear a t  the solvent - 

f ront  

Absorption spectra 

Preparative thin-layer chromatography was run  on 0.5 mm 

I 

thick Kieselguhr plates and the separated bands were scraped 

off, thoroughly vacuum-dried over calcium chloride, and eluted 

with ether. 

(pheophytin) , G-2 (the heaviest green fraction),  F-E ibacterio- 

chloropwll) , and GG (gray-green fraction).  

Figure 3 shows the absorption spectra of F-1 

The absorption bands of F-1 i n  ether were characterist ic 

t o  the bacteriochlorophyll "a" pheopbytin sharing three &in 

peaks a t  750, 528, and 357 nyr and some minor ones a t  680, 
.. 
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616, 494, 461, and 387 mp. The r a t io  of absorbances 

. between the Soret (357 mp) and red (750 mp) bands was 

calculated t o  be 1.65. 

showed three main absorption bands at  770, 575, and 358, 

but the ra t io  of absorbances between Soret (358) and 

The F-2 fraction i n  ether also 

red (770 mp) bands was only 0.76. 

chlorophyll fraction showed a shoulder a t  679 mp and a 

Soret branch at 391 mp. A l l  the green fractions (G-1, 

G-2, G-3, G-4) separated by thin-layer chromatography 

g s , ~  !% Qfien%ib~l absorption spectrum i n  other ahawing 

two distinguishing peaks a t  675 and 435 mp with three 

Besides, t h i s  bacterio- . 

minor bands a t  625, 585, and 537 mp and a shoulder a t  

385 mp. 

was quite characteristic i n  that it had a huge gamma band 

at  280 mp and relatively smaller bands scattering over . 

the ent i re  range of scanned spectrum showing blunt peaks 

The absorption spectrum of GG fraction in ether 

8% 330, 415, 634, 675, and 770 W* 

Figure 4 shows the absorption spectrum of the gray- 
I -  - \  blue fraction ( ~ - 3 )  W*&CL is ccqxired vlrth that of 

bacteriochlorophyll (F-2) . 
of both spectra are quite similar, but they are different 

i n  that the absorbance r a t i o  358/770 i n  F-3 becomes close 

t o  unity, and shoulders a t  675 and 435 mp of F-3 became 

General absorption patterns 

.. 



more prominent. 

thin-layer plate  as a grayish blue spot migrating some dis-  

tance ahead of F-2. 

green even under the weak l ight.  

l ab i l i ty ,  the absorption coefficients of F-3 were not 

calculated. 

and the HC1 number was 30. 

This F-3 fraction appears on the Kieselguhr 

Its color changed readily into light 

Owing t o  t h i s  extreme 

The results of the phase t e s t  were positive 

Thus, F-3 may be an immediate 

precursor of the further oxidized product, G-2. 

Magnesium analysis 

The gravimetric method used for  the calculation of 

the absorption coefficients of bacteriochlorophyll (Holt 

and Jacobs3) was not applicable for  the small sample 

applied f o r  the present study. 

of magnesium analysis described by Smith and Benitez4 

was t r ied  in i t i a l ly ,  but abandoned l a t e r  because the 

method was found t o  be not only laborious but also 

insensitive, requiring as much as'5 t o  120 pg of 

The colorimetric method 

. 
iiii%gIc&??L 

._ 
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The magnesium contents of bacteriochlorophyll were 

conveniently analyzed by the fluorometric technique of 

Schachter" who originally described it t o  analyze the 

magneeium contents i n  blood serum and urine. With 

minor modification of the original method, a highly 

reproducible and l inear standard curve was obtained 

with the magnesium contents ranging from 0.0 t o  1.0 pg 
- 

i n  the f i n a l  2.4-ml volume by use of the Turner Model 111, 

Fluorometer. 

Samples of purified bacteriochloropQfll of known 

absorbances were diluted in ethanol so  that the magne- 

sium contents would reach around 0.5 t o  1.0 pg range, 

Tentative calculations of the magnesium and bacterio- 

chlorophyll contents were made on the basis of the 

absorbance of peak 770 mp and i ts  specific absorption 

coefficient (100 an2 x g-l)  i n  ether published ear l ie r  

by Smith and Benitez4. 

The 430 t o  435 mp excitation may also have caused 

while the magnesium chelate of 8 hydroxyquinoline was 

fluorescent a t  535 mp through the Corning No. 110-818 

(2A-12) With 3 x slit the interference by the red 
a 
, -  

'' fluorescence was nullified. 

.. 
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The diluted bacteriochlorophyll sample could 

theoretically absorb as much as 0.002 optical  density 

udts  a t  770 mp. 

fluorescence, a known amount of magnesium was added 

To correct the quenching effect  of 

t o  the samples. 

Absorption coefficients 

Based on the absorbance of the purified bacterio- 

chlorophyll (F-2) and the magnesium contents analyzed, 

the specific absorption coefficients of the main 

absorption bands were calculated. 

coefficients of these bands were calculated taking 

Molar absorp-i;ion 

gll.50 as the molecular weight of bacteriochlorophyll. 

For the absorption coefficients of pheophytin (F-l), 

a known amount of bacteriochlorophyll was quantitatively 

converted t o  pheophytin by the method described by Smith 

and Benitez4 using 25$ €IC1 containing a small amount of 

. ascorbate. The molar absorption coefficients *re eal-  

culated on the basis of i t s  molecular welght of 889.2. 

Table I shows absorption maxima and coefficients 

of F-1 and F-2 i n  different organic solvents and 

. .  

. .  
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Table I1 illustrates two main absorption maxima and their 

ratio of absorbance measured by various authors. 

Measurements of fluorescence 

The fluorescence of pheophytin and bacteriochlorophyll 

dissolved in ether were measured using the Baird Atomic 

Flurospectromefer which was equipped with a near-infrared 

sensitive RCA 7102 photomultiplier. 

was excited at 360 to 380 mp, the fluorescence maximum 

When the pheophytin 

appeared at 760 mp with a shoulder at 693 mp, but when 

the same sample was excited at 400 to 420 i-iip it gave the 

fluorescence maximum at 693 mp with a shoulder at 760 mp. 

The excitation spectrum obtained with 693 mp gave a promi- 

nent peak at 420 mp with a shoulder at 385 mp besides several 

minor peaks at 515, 550, and 635 mp. 

excitation spectrum obtained with the 760 mp emission peak 

gave a major peak at 363 mp with minor ones at 535, 635, 

and 680 mp. 

resembles the absorption spectrum of the pheopwin, it is 

On the other hand, the 

Since the latter excitation spectrum closely 

evident that the 760 mp peak is the true fluorescence maxl-  

mum of the pheophytin. 

.. 



With thoroughly purified bacteriochlorophyll samples, 

similar phenomena of fluorescence were encountered. 

they were excited a t  340 t o  380 mp, a fluorescence peak 

of 786 mp with a shoulder of 6 9  mp appeared, but when 

excited a t  400 t o  4-40 mp, the 6 9  mp peak became p r m i -  

nent while the 786 mp peak shrank t o  its shoulder. The 

excitation spec&m drawn with the 786 mp emission band 

was similar t o  the absorption spectrum of bacterio- 

chlorophyll so t h i s  peak w i l l  then be the t rue fluorescence 

maximum of bacteriochlorophyll. 

When 

The latter excitation 

spectrum gave a 4.40 mp maximum and closely resembled the 

absorption spectrum of the l igh t  green photooxidation 

product, G-2. 

The photomidized l ight  green fractions, G-1, G-2, 

G-3, and G-4, and the f a s t  migrating gray-green fraction, 

GG, which were separated on the thin-layer plate,  were 

a l l  highly fluorescent a t  686 t o  6 9  mp area a f t e r  they 

were excited a t  430 t o  446 mp. 

5z-h is gpsented i n  Table 111. 

. A summary of fluorescence 

L i p i d  and f a t t y  acid analysis 

The possibil i ty of l i p id  and f a t ty  acid contamination 

i n  the purified samples of bacteriochlorophyll was raised 



16 

by Strain and Katz= and, therefore, the i r  influences on 

the absorption coefficients were studied. A gas chroma- 

tographic analysis, carried out using a microcolumn with 

the diethylene glycol adipate as the stainary phase, 

revealed only traces of oleic and palmitic acids from 

136.6 pg of the purified bacteriochlorophyll. 

experiment, an'absorption study was made using concentrated 

f a t t y  acids and a triglyceride dissolved i n  ether, acetone, 

In a separate 

and methanol. 

675, 577, 391, and 358 mc~ with palmitic acid (3.9 

A l l  the absorption values obtained at  770, 

stearic acid (0.35 mM), oleic acid (10.6 mM), and t r io l e in  

(10.3 mM) were within the limits of O.OO0 t o  0.010. 1 

With much less  fa t ty  acid or l i p id  contaminants possibly 

mixed in the bacteriochlorophyll saaples the i r  influence on 

the absorption coefficients may well be ignored. 

Phase t e s t  and HC1 nuaiber 

A l l  the chromatographically pure samples were diluted 

i n  diethyl-ether and phase t e s t  and determination of HC1 

ntmibers were made following procedures descrLbed by Mi in  

and Benitez4. 

rescence maxima, phase-test data, and HC1 nunibers is pro- 

vided i n  Table IV.  

A summary of absorption coefficients, fluo- 

.. 
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DISCUSSION 

The absorption spectra of bacteriochlorophyll and 

pheaphytin, prepared by the described method, agree w e l l  w i t h  

those frmpreparat ions by other methods of various workers. 

A preliminary study of air or photobleaching effects on the 

infrared (770 qp) and violet  (358 mp) bands revealed tha t  the 

former was bleached 1.5 times more rapidly than the latter,  

even i n  peroxide-free ether. The maximal band absorption 

r a t io  of bacteriochlorophyll (Table 11) obtained with the 

present method was 0.76. Tne reititi-vdy high zbscrption cwffi- 

cients of the 770 peak of the bacteriochlorophyll, obtained by 

the described method, may be related direct ly  t o  the freshness 

of the sample. 

coefficient of the infrared peak (778 mp) i n  methanol gave only 

Repeated measurements of the specific absorption 

5.2 cm2 g-’ (Table I) which is much lower than the previous data, 

46.1 cm2 g”, published by Smith and Benitez4. 

The appearance of degradation products during the fractiona- 

t ion  process on the sucrose column was noted by Smith and Benitez’, 

and Holt and Jacobs3 showed a p a r t i a l  spectrum of a green f rac t ion .  

which resembles the G-2 fraction. 

as w e l l  as photooxidation, followed by complete fractionation and 

spectral  analysis, revealed that  bacteriochlorophyll (f -2) was 

Deliberate chemical oxidation 

oxidized first t o  produce a very unstable, but reversible 
.. 

3 
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fraction (F-3) which was further oxidized t o  bring a 

green fraction (G-2). 

bacteriochlorophyll produced G-1, G-3, and G-4, but 

the sequence or mechanism of the i r  production i s  not 

yet clear. The catalytic effect  of l igh t  i n  oxidation 

of chlorophyll i s  apparent since purified chlorophylls 

i n  vacuum-seaied glass amples remain unoxidized for  

years under dim l ight  (Strain and Katz12). 

components, however, were similar i n  absorption and 

fluorescence spectra, gbse test, and HC1 numbers. 

Since the bright green color and the prominent Soret and 

red bands of the l igh t  green components, especially G-2 

fraction, closely resemble chlorophyll "a", Fisher and 

Stern- postulated that th i s  could be a dehydrogenated 

product of bacteriochlorophyll, e. , the 2-acetyl 

chlorophyll "a''. 

may be reduced back t o  the blue bacteriochlorophyll. 

Attempts t o  achieve th i s  reaction with various chemical 

~dii&eii-ts fiz.,.e been, ~x~~cceanf i -1.1- The absorption spectra 

of the G-2 and other oxidized components appear quite d i f -  

ferent from those of bacteriochlorophyll "cl' (Jensen, 

Aasmundrud, and Eimh jelleng) "bacterioviridin" (Metzner14), 

Further oxidation of the 

These green 

If so, the G-2 and other green fractions 

. 

.. 



and chlorobium chlorophyll 660 (Larsen14). With G-2 ,  

absorption m a x i m a  were found a t  675, 435, and 385 mp; or? 

t h e  other  hand, bacteriochlorophyll  "cl' showed i t s  absorp - 

t i o n  peaks a t  661 t o  662, 431 t o  432, and 415 mp. 

The grayish green (GG) f r ac t ion  w a s  produced i n  the 

ear ly  stage of air  or photooxidation a t  l e a s t  as ear ly  

as the  emergence of'G-2 and was only accmuia t ing  as 

fu r the r  oxidation of t he  bacteriochlorophyll  proceeded. 

lie evidence nf t,he conversion of the  f r ac t ion  t o  other  

green components was observed. The exact sequent ia l  

events of these oxidation products of the  bac ter io-  

c'hlorophyll are not qu i te  c l ea r  a t  the  present time. 

Kinetic s tudies  t o  revea l  some of the  xechanisms involved 

a r e  i n  progress. 

The corrected fluorescence da.ta obtained from the  pheo- 

phyt in  (760 mp maximum) and bacteriochlorophyll  (786 mp maxi- 

mum) seem t o  confirm the  earlier data  *obtained by French'' 

who detemined that the fluorescence m x h n u r n  wl" piieOpi@iii 

was  a t  761.1~1 and t h a t  of bacteriochlorophyll  was a t  805 mp 

wit'n a shoulder a t  687 mp by the  exc i ta t ion  a t  405 mp (Smith 

and Benitez4). 

693 (s ) i n  pheophytin and 690( s ) i n  bacteriochlorophyll  

The appearance of fiuoresoence shoulders, 
I 
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samples, may certainly be derived frm the photooxidized 

products generated immediately after the irradiation by 

the strong excitation l ight and not from the impurity 

contained i n  the startin@; samples. The l a b i l i t y  of the 

bacteriochlorophyll i n  the l i gh t  is apparent from the 

photodegradation experiments i n  Fig. 2. The close simi- 

l a r i t y  in the patterns of absorption and fluorescence 
- 

among the l i gh t  green fractions, G-1, .G-2, G-3, and G-4, 

suggests tha t  there may be only s l igh t  differences i n  the 

a+wxLl co$rrp.&i~~ achene of the goqhyrin nucleus and 

in some v i t a l  side chains. The different fractions may 

ar i se  by different degrees of allmerization, minor side 

chain differences or different degrees of solvation of 

the magnesium ion i n  the molecule, Further study on the 

chemical structures of these molecules w i l l  be necessary 

fo r  the satisfactory elucidation of the physical phenomena 

exhibited by these fractions. 

The positive phase-test results with various fractions 

of bacteriochlorophyll (Table i v j  may w e l l  be dispui;eir, tihce 

it is unlikely thst the oxidized G series as w e l l  as the GG 

fraction could remain total ly  unallomerized. The positive 
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phase test may not necessarily mean free of allomerization 

(Smith and Benitez*), and it may f a i l  only when considerable 

fraction of the chlorophyll has been allomerized. 

I express nry deep thanks t o  Mr. Vance I. Oy-ama, Acting 

Chief of the L e e  Detection Systems Branch, Ames Research 

Center, who has constantly provided me w i t h  illuminating 

ideas and bodern laboratory equipment fo r  research, t o  

M?,ss Elaine Munoz who has assisted me a l l  along with the 

experiments from culture of the microorganisms t o  thin- 

layer chromatography, and t o  Dr. L. P. Zill of Ames Research 

Center who kindly conducted the gas chromatographic analysis 

of samples. 

'. 
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TABLE I 

ABSORPTION MAXIMA AND COEFFIC- OF BACTERIOCIILOROP~ AND 

PHFIOP" IN VARIOUS SOLVENTS 

Maximum Bacteriochlorophyll i n  Pheophytin i n  
wavelength Ether Acetone Methanol %her 
(w) *109e wk lO'=e k 10'3e k 10'3e k 

73.3 80.4 

16.8 18.4 

17.2 18.9 

~~~ ~~ 

4.7 5.2 * 778 

775 18.8 22.1 

770 98.7 108.3 

750 

680 

676 

616 

587 

575 

528 

393 

391 57.6 63.2 

'. 3@ 

358 75.1 82.5 40.3 44.2 

357 120.8 132.6 

22.2 24.4 9.3 10.2 

5.0 5.5 

21.2 23.3 

27.9 30.7 

52.0 57.1 

61.2 67.1 

333 49.8 54.7 

*lose: 

Hk: 

Millimolar absorption coefficient, CII? x mole" 

.. Specific absorption coefficient, c.18 x 8-l  
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Af3sORPTION COEFFICIENTS OF TWO MAlUMA OF BACTERIOCHLOR0PHYI;L 

AND TEfEIR RATIO MEAsUREJ) IN ETHER 

. Weiglle 772 95.6 105 358 85.3 93 0.89 

+9 93.4 102 357 80.8 77 0.75 Holt and Jacobs' 

Smith and Benitez4 773 91.1 100 358.5 73.3 80 0.80 

' K i m  and Feller" 770 98.7 108 358 75.1 82 .0.76 

77O ~ 

respectively. 
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III 

EXCITATION AND F'LUORESCENCE MAXIMA OF BA(ZI?EFUOCIIIX)ROPHYLL AND ITS 

DEGRADATION F'RODUCPS IN ETlw 

sample Excitation (mp) Fluorescence (mp) 
. 

Bacteriochlorophyll 

Light green fractions: 

G -1 

G -2 

G -3 

G -4 

Gray -green fraction: 

GG 

363 

420 

n o  
440 

436 

440 

435 

440 

436 

688 

690 

686 

690 

686 

*(E): Shoulder 

._ 

- .  
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SlIbMARY OF PHYSICAL DA'I!A OBWINED FROM FRACTIONS OF B A C ! T E X I ~ R O P ~  

Fraction Principal absorption Fluorescence Phase HC1. 

maxima i n  ether mexima tes t  nuuiber 
m 1 0 - ~ e  i n  ether 

Pheopbytin 730 73-3 760 + 32 

chlorupmll. 575 

358 

Light  green 675 

fract ion (G-2) 435 

Gray -green 675 

fraction (GG) 415 

330 

280 

22.2 

75.1 

40.8 

50.4 

1 1 . 3  

32.7 

46.0 

86.1 

786 

6% 

686 

+ 
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30 

30 

30 
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FIGURE LM;ENDs 

Figure 1. - Fractionation of bacteriochlorophyll. 
Hgure 2.- Thin-layer chromatography of bacteriochlorophyll and 

its degradation products. 

(F-2) bacteriochlorophyll; (F-3) gray-blue fraction; (GG) gray- 

green fraction; 4 G - l ) ,  (G-2), (G-3), (G-4) green fractions. 

Figure 3. - Absorption spectra of bacteriochlorophyll (F-2) and 

(c) Carotenoids; (F-1) pheophytin; 

its degradation components, (F-1) pheophytin; (G-2) oxidized 

green camponent; (GG) gray-green component. 

Ngure 4. - Absorption spectra of bacteriochlorophyll (F-2) and 
* I  

the gray-blue fraction (F-3). 
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